
UNCLASSIFIED

405,,898
AD _ __

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION. ALEXANDRIA, VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications. or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



S'405 \898

[ AZUSA PLANT
F STRUCTURAL MATERIALS DIVISION

STRESS -CORROSION CRACKING
OF HIGH-STRENGTH ALLOYS

Contract DA-04-495-ORD-3069

A Report To

(I U.S. ARMY ORDNANCE CORPS

FRANKFORD ARSENAL

IReport No. 0414-01-9 (Quarterly) May 196 3 6

AEROJET

ENERAL



I:
I

AERJET

G EEEAL

STRESS- CORROSION CRACKING
OF HIGH-STRENGTH ALLOYS

[ Contract DA-04-495-ORD-3069

i A Report To

U.S. ARMY ORDNANCE CORPS
I FRANKFORD ARSENAL

Report No. 0414-01-9 (Quarterly) May 1963

!

r, AEROJET-GENERAL CORPORATION
A SUSSIDIARY OF THE GENERAL TIRE & RUUERR COMPANY

SI.

I



iS

I

t This is the ninth in a series of quarterly progress reports submitted
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progress report for the 1-year continuation of the original 2-year program.
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I. OBJECTIVES

The objectives of this program are

A. Ini-e.stigation of the stress-corrosion-cracking characteristics of

at least three new high-strength alloys of interest for rocket-motor-case appli-

cations (6A1-4V titanium, 18%-nickel maraging steel, and 20%-nickel maraging

steel), in addition ic limited testing of vacuum-melted 9Ni-4Co steel

B. Study of the environmental parameters that could affect the rate

and extent of stress-corrosion cracking

C. Determination of the effect of material parameters (composition,

strength level, welding, a-nd mi.2roztructure) on stress-corrosion susceptibility

D. Continuat-or. of the evaluation of protective coatings and other tech-

niques for the prevention of stress-corrosion cracking.

II. SUMMARY

Test results showed that, under all the test conditions of this program,

the 6A1-4V tit-anium all-y is Immune to stress-corrosion cracking in the annealed,

quenched-and-aged, and as-v'elded conditions.

The 20*-nickel grade of maraging steel was found to be highly susceptible

to stress-corrosion cracking in the annealed-and-aged condition. This same alloy,

when cold-worked 50 to 7.5% before aging, was found to be only mildly susceptible

to stress-corrosion cracking. The most favorable mechanical properties were at-

tained after 50% cold reduction and subsequent aging. The welded-and-aged alloy

was found to be extremely susceptible to stress-corrosion cracking in the weld-

heat-affected zone.

The 18%-nickel grade of maraging steel was also found to be susceptible

to stress-corrosion cracking, which was found to occur more rapidly in the

1
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II Summary (cont.)

I annealed-and-aged material than in the 50% cold-worked-and-aged material. It

was also found to occur more rapidly in the higher-strength (i.e., higher-ti-

tanium) heats. This material has not yet been tested in the welded condition.

III. WORK PROGRESS

A. INTRODUCTION

In the original 2-year investigation of the stress-corrosion-cracking

characteristics of high-strength alloys, a number of steels of then-current in-

( terest for rocket-motor-case applications were evaluated. Since then the need

for alloys of still higher strength in the rocket industry has focused attention

on the maraging steels. The third-year program (see Table 1) was therefore di-

rected to the study of the stress-corrosion-cracking susceptibility of a current-

ly used titanium alloy (Table 2), two maraging steels (Table 3), and a new 9Ni-

l4Co alloy.

The test environments,.substantially the same as those in the ori-

ginal 2-year investigation, are (1) distilled water, (2) tap water, (3) salt

water, (4) sodium-dichromate-inhibited water, (5) soluble-oil-inhibited water,

(6) air, (7) high-humidity atmosphere, (8) trichloroethylene, (9) cosmoline, and

(10) solid propellant. These environments are considered to be representative

of those to which rocket-motor cases would normally be exposed during fabrication,

processing, or storage. One additional environment is included in the new pro-

gram, that of seacoast exposure.

Bent-beam, U-bend, and center-notch specimens are being used in the

investigation. The evaluations of results include microstructural studies, using

both standard metallographic and electron-microscope techniques, in attempts to

associate the failure mechanism with specific microstructural characteristics

of the materials.

Protective coatings and surface treatments to prevent stress-corrosion

cracking are also being evaluated.

12
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III Work Progress (cont.)

B. TEST PROCEDURES

1. Bent-Beam Test

The bent-beam test is the primary method used in this program.

A total of 595 tests of this type are being conducted. Figure 1 shows an in-

sulated bent-beam fixture with test samples mounted. Polycarbonate blocks 7.000

+0.002 in. apart, attached to a stainless-steel holder, support the test speci-

men and insulate it from the holder. Specimens are machined to exact lengths

to produce a maximum calculated outer-fiber stress that amounts to 75% of the

mean 0.2%-offset yield strength.

A four-point loading device is used to place the specimens

into the holders. The use of four-point loading in this pre-stressing device

eliminates possible local plastic deformatior, (which may have occurred during

some earlier tests using a three-point loading fixture). Samples that were loaded

into fixtures and then unloaded by means of the four-point device showed no ap-

j parent residual distortion, which indicated that the yield strength of the ma-

terial had not been exceeded during stressing.

2. U-Bend Test

Figure 2 shows a U-bend test sample. This test was used ex-

tensively in the initial 2-year program to accelerate failure times by producing

stresses beyond the yield strength of the material. The U-bend test method is

now being used only for the 6A1-4V titanium alloy because initial testing in-

dicated that some of the maraging steels would not withstand the drastic distor-

tion of a U-bend while in the fully aged condition. Although it is possible to

give the samples a partial bend in the annealed condition and to complete the

U-bend after subsequent aging, it is believed thatthis procedure would not re-

present a realistic condiition for study. The center-notch test described below

is being used for acceleration of failure times.

3. Center-Notch Test

The configuration used in the center-notch test is shown in

Figure 3. It consists of a 1-3/4 by 8-in. tensile specimen containing a central

3
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III Work Progress, B (cont.)

notch, which is produced in a two-step process: (a) a 0.06 by 0.57-in. slot

is Elox-machined and extended at each end by very narrow Elox-machined notches

of 0.001-in. root radii, and (b) these notches are extended by means of fatigue

cycling to obtain fatigue cracks of controlled dimensions.

When a specimen of this type is stressed, the elastic field

parameter (K, in ksiri. ) at the tip of the crack is represented by

K 0-(W tan an )1/2

where W is the specimen width (in.), a is one-half of the total crack length (in.),

and & is the nominal stress (ksi). Simultaneously, the crack-extension force

(Gc, in in.-lb/in. 2) may be obtained from i
cc K2  I

G=
c E

where E is the elastic modulus of the material and K is the critical value ofc
K at which crack propagation occurs in rapid tensile testing.

These center-notch specimens are stress-corrosion tested in

Baldwin creep-test machines (Figure 4). Dead-weight loading is applied to a 20

to 1 lever arm to give a K value at the crack tip amounting to 75% of the Kc value.

The test solution is applied in a polyethylene cup cemented to the specimen in

I the notched area before loading. An automatic timing device is used to record

the time to failure.

C. TEST ENVIRONMENTS

The environments described below were used to study stress-corrosion-

cracking susceptibility.

1. Laboratory Air

This environment was used as a standard for comparison with

other environments. The temperatures ranged from 70 to 780 F, and the relative

humidity ranged primarily from 35 to 50%. No stress-corrosion failures have yet

occurred in this environment, even with the most susceptible alloys.

14
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III Work Progress, C (cont.)

2. Distilled Water

This environment was also used as a standard for comparison

with other environments. The pH of the distilled water was found to be 7.0.

Continuous aeration was maintained with filtered air during the test. This en-

vironment was found to cause rapid stress-corrosion cracking in susceptible alloys.

13. Aerated Tap Water

Tap water represents the medium frequently used to clean solid-

propellant rocket-motor cases. It is also used in the hydrostatic testing of

pressure vessels, particularly chambers constructed of corrosion-resistant alloys.

Azusa well water with a pH of 7.6 was used in the Aerojet tests; the water analy-

sis is summarized in Table 4. It was found that, in most cases, the tap water

was a less severe environment than distilled water.

A i. Aerated Salt Water

3 An aerated 3% solutioff of sodium chloride in distilled water

was used to simulate a severe marine environment. It was found, however, that

the addition of NaCl made the distilled water only slightly more aggressive in

promoting stress-corrosion cracking, even though there was a noticeable increase

in corrosion. The pH of this solution was 7.0.

5. High Humidity
Samples are placed in water-saturated air at 130 to 140°F to

simulate a severe atmospheric condition.

S6. Seacoast Exposure

Samples were placed on an outdoor test rack (Figure 5) at the

Aerojet Newport Beach test facility for testing in a natural seacoast environment.

This rack, placed on a rooftop approximately 200 yards from the beach, faced the

beach without obstruction. The results obtained thus far correlate well with

laboratory tests of the same alloys.

7. Aerated Chromate Solution

This environment, created by 0.25% by weight of sodium dichromate

5
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III Work Progress, C (cont.)

dissolved in distilled water, represents the medium frequently used in flushing

solid-propellent rocket-motor cases and in the hydrostatic testing of pressure

vessels, particularly those constructed of low-alloy steels. The pH of this

solution was between 4.5 and 5.0.

8. Soluble-Oil Solution

This environment, a distilled water solution of 4% by volume

of Chevron soluble oil, represents one of the fluids used in the hydrostatic

testing of pressure vessels. Aeration was discontinued in this test medium

because of foaming. The pH was between 9.5 and 10.0.

9. Cosmoline

Rust-inhibiting oil conforming to MIL-C-142OlA, Grad 2, was

used to represent the rust-inhibiting compound sometimes used for rocket-motor

cases during manufacture, transit, and limited storage prior to propellant in-
l stallation,

io . Trichloroethylene

I This is a chlorinated, degreasing solvent commonly used on

rocket-motor cases.

" D. ALLOY PROPERTIES

1. 6Al-4V Titanium

This high-strength titanium alloy is being widely used for

pressure vessels and rocket-motor cases. It has excellent fabricability and can

be heat-treated to high strength levels. The chemical and mechanical properties

of the heat of the alloy that was tested are shown in Table 3. The sample was

tested in three metallurgical conditions: annealed, quenched and aged, and

as-welded.

•I The annealed condition employed in the testing was the condi-

tion in which the alloy was received. No further thermal treatment was employed,

but 0.010 in. was ground from each side of the samples.

16
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III Work Progress, D (cont.) R

The quenched-and-aged condition was attained by means of a

16750 F solution-anneal followed by a water-quench and an 8-hour aging treatment

at 900 F. Some distortion of the samples was found to occur during quenching,

but this was largely, overcome by aging while the specimens were clamped tightly

in a stainless-steel fixture. After aging, 0.010 in. was ground from each side

of the specimen.

Some of the annealed material was welded using the TIG (tungsten-

inert-gas) process with commercially pure titanium filler wire. The samples

were exposed in the as-welded condition with a 30% weld reinforcement.

2. 20%-Nickel Maraging Steel

This is a high-strength steel that will attain desired strengths

in a single aging treatment. Its chemical and mechanical properties are shown

in Table 2. One heat of 20%-nickel maraging steel was tested in four conditions:

annealed and aged; 50% cold-worked and aged; 75% cold-worked and aged; and welded

and aged. Figure 6 shows the effect of prior cold-work on the mechanical proper-

ties of the aged material. All aging was performed at 8500 for 4 hours. With

the welded and the annealed samples, aging was preceeded by a 1-hour stabilizing

treatment at -100 0 F.

Welding was performed on the 20%-nickel steel with an automatic

TIG welder without filler metal. Mechanical tests indicated an 85% joint efficiency.

Low G values were obtained with this alloy, indicating a high degree of notch sen-
• sitivity.

S3. 18%-Nickel Maraging Steel

This alloy has a nominal composition of 18% nickel, 9% cobalt,

and 5% molybdenum; it is receiving increased attention for application in the

aerospace industry. Because of the high interest in this alloy, five heats of

this material are being tested. Two were purchased for this program, and the

other three were remnants from an earlier Aerojet program. The chemical and me-

chanical properties are given in Table 2.

Figure 7 shows the effect of titanium content on the mechanical

7
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III Work Progress, D (cont.)

properties of annealed material aged at 900 F for 3 hours. These data show

that increases in titanium content will increase the ultimate and yield strengths

of maraging steel with only slight lowering of the reduction-of-area and notch-

sensitivity values. Figure 8 shows how the yield and ultimate strengths may be

raised even more by cold reduction prior to aging, again at the expense of a

lower G value; however, even the lowest Gc value obtained with the 18%-nickel

steel (156 in.-b/in. 2 at a yld strength of 354 ksi) is almost 3 times higher

than the highest obtained with the 20%-nickel alloy (58 in.-lb/in. at 291 ksi).

The 18%-nickel steel was welded by means of the TIG process

without filler metal. Mechanical tests indicated a 94% joint efficiency.

i4. 9Ni-4Co Vacuum-Cast Steel

This vacuum-melted steel is reported to be in the development

stage. It reportedly has exceptional notch toughness and high yield and ultimate

strengths. Aerojet has ordered material at carbon levels of 0.25 and 0.45%.

Only the lower-carbon material has been received; it is now under evaluation for

mechanical properties, and limited stress-corrosion testing will soon be initiated.

5. H-11 Steel

This alloy was found to be the most susceptible to stress-

[ corrosion cracking of any alloys tested in the initial 2-year program. Consequently,

it is being used as a basis for the evaluation of protective coatings for pre-

venting stress-corrosion failures. The material is heat-treated to its most

susceptible condition as follows: at 1900 F for 40 min, followed by an air-

quench and then 950 0 F aging for 3 hours.

IV. TEST RESULTS

A. BENT-BEAM TESTS

Results of the bent-beam tests presented in Tables 5 through 14 are

summarized below.

1. 6AI-4V Titanium

No failures have been observed with the 6A1-4V titanium alloy

18
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I in any of the three metallurgical conditions tested.

2. 20%-Nickel Maraging Steel

In the annealed-and-aged condition the 20%-nickel maraging

steel was found to crack rapidly in distilled-vater, salt-water, high-humidity,

trichloroethylene, and seacoast atmospheres. The cracking was found to follow

a branching pattern, as shown in Figure 9. Photomicrographs (Figure 10) indi-

I cated that the cracking follows an intergranular pattern.

When the alloy was cold-worked before aging, a marked increase

was noted in the time to failure. Random failures occurred after long exposure

to distilled-water, tap-water, high-humidity, and seacoast atmospheres. The

salt-water atmosphere (Table 7), which caused the most rapid failures with the

annealed-and-aged material, has thus far caused no failures with the cold-worked-

and-aged material. In addition, the tap-water environment (Table 6), which

caused no failures with the annealed-and-aged material, caused some (long-term)

I failures in the cold-worked-and-aged material.

The welded material was found to have an even shorter time to

failure than the annealedrand-aged material of the same heat. All failures were

found to occur in the weld-heat-affected zone. Welded samples failed in tap-

I water, salt-water, distilled-water, trichloroethylene, and high-humidity environ-

ments.

3. 18%-Nickel Maraging Steel

In the annealed-and-aged condition the 18%-nickel maraging

steel showed some failures in distilled-water, tap-water, salt-water, high-humidity,

and seacoast atmospheres. In addition, one heat (Group I-1, see Table 1) was

found to fail in the 0.25%-sodium-dichromate, 4%-soluble-oil, and trichloro-

ethylene environments while showing negligible corrosion. In general it was found

that the failure times were reduced as the titanium content was increased, al-

though some exceptions were noted. Figures 11 and 12 present photomicrographs

of failures of annealed-and-aged 18%-nickel maraging steel. As for the 20%-nickel

j steel, the cracking had a branching intergranular pattern.

[ '9
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I When the 18%-nickel steel was cold-worked before aging, the

failure time was increased. At the same time, the mode of fracture appeared

to change from intergranular to possible cracking along slip planes. Figures

13 and 14 show failures of 50% cold-worked-and-aged material.

The welded samples of the 18%-nickel maraging steel are now

in the final stages of machiningtesting is expected to being early in May.

S4. Electron-Microscope Fractographs

Three fracture surfaces were selected for electron-microscope

fractographs as shown in Figure 15. Parlodion replicas with chrome-carbon

shading were used in making the fracture replicas. Because of the roughness of

the surface, some difficulty was encountered in the stripping of the replicas.

These fractographs are briefly described below.

a. H-ll Steel

The H-11 steel sample, shown at the top of Figure 15,

has a single fracture at right angles to the surfaces of the specimen. This

sample failed after 2.5 hours of exposure to aerated salt water.

Figure 16 shows a typical brittle fracture in a view taken from

the center of the sample (View A indicated in Figure 15).

The view in Figure 17, taken from the corner of the

sample at which the stress-corrosion fracture originated, shows some micro-

structure modeling that may have been caused by corrosion.

b. 20%-Nickel Maraging Steel

The 20%-nickel maraging steel specimen shown in the center

of Figure 15 has a typical, branching, crack pattern. This sample is of the

annealed-and-aged group (H-l) and failed after 1 hour in 0.25%-sodium-dichromate

•I solution. It was selected for examination because of its complete freedom from

rust.

[ Figure 18, a view taken from the area of final separation

of sections of the sample, shows a definite ductile fracture.

II 10| l
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if IV Test Results, A (cont.)

Figure 19, a view taken from the cezLral portion of the

sample in the branching-pattern area, shows a brittle type of failure occurring

in step-wise fashion.

[ Figure 20 presents a view taken from the area of frac-

ture initiation, where the fracture is intergranular, with inclusions in the

fracture domains.

c. 18%-Nickel-Maraging Steel

The 18%-nickel maraging-steel sample selected fcr study

is sketched at the bottom of Figure 15., it was 50% cold-worked and aged and

represents Group 1-3. It failed after 626 hours in aerated distilled water.

Figure 21 presents a typical view in the stress-corrosion

portion of the fracture and illustrates a brittle stepwise fracture along vaguely

outlined domains.

B. CENAER-NOTCH TESTS

More than 100 center-notch tests have now been conducted. if time

permits, 100 more tests will be added. The tests thus far have been confined

to four environments: distillea water (Table 15), 3% NaCl solution (Table 16),

0.25% sodium dichromate solution (Table 17), and 4% soluble :l (Table 18).

f1. 6A1-4V Titanium

No failures have oicurred in center-notch testing of this alloy

in any of the four environments.

2. 20%-Nickel Maraging Steel

Annealed-and-aged material (Group H-1) failed rapidly in the

distilled-water and salt-water envir=rments. it did not fail in the chromate

and soluble-oil tests, thus suppcrting the results of the bent-beam test6.

Tests at various loads (Table 16) show that thp time to failure

is a linear function of the K value for that test

IMP 75% cold-worked-and-aged material (Group H-3) has a much

longer time to failure than the annealed-and-aged material in the J-istilled-

[2
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IV Test Results, B (cont.)

water and salt-water environments.

3. 18%-Nickel Maraging Steel

f Both the annealed-and-aged and 50% cold-worked-and-aged materials

were found to fail in salt-water, distilled-water, and chromate environments

(in order of severity). The time to failure in the salt-water environment (Table

16) was found to decrease with decreasing K values for the test materials. No

tests have been conducted thus far in a 4%-soluble-oil environment.

At a given titanium level, the time to failure is shorter for

the cold-worked-and-aged material than for the annealed-and-aged material in the

center-notch test; the results are reversed in the bent-beam tests. These data

suggest that the longer life of the cold-worked-and-aged bent-beam samples may

result from residual compressive stresses at •the surface rather than a higher

inherent resistance to stress-corrosion fracture.

C. COATING-EVALUATION TESTS

Table 19 presents results of the coating-evaluation program. These

data will be reviewed more completely when a longer seacoast-exposure time is

attained. It appears thus far that the most resistant coatings are the inhibited

chromate epoxy Types .51-5 and 463-1-5. The pure vinyl coating also appears

to show promise.

[V. FUTUE WORK

The bent-beam tests will be continued as scheduled in Table 1. The last

group of maraging-steel samples (Group I-W) is in the final stages of machining

and testing will soon be initiated. Limited testing will also be started on the

single heat of 9Ni-4Co vacuum-cast material that .s available.

Center-notch testing will be continued up to the end of the contract period.

The total number of tests performed will depend on the failure times of the sam-

ples now being tested. Most of the remaining tests that are planned will be

conducted on 184.-nickel maraging steel. An attempt will be made to correlate

the results of the center-notch tests with those of the bent-beam tests.

12
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CHEMICAL ANALYSIS AND MECHANICAL PROPERTIES
OF 6A1-4V TITANIUM

I" Chemical Analysis,*

C Al V 02 N2 H2 Ti Fe Other

Aerojet analysis 0.3 6.1 4.1 0.083 0.014 80 ppm Bal 0.16 0.18

Mechanical Properties (Transverse)

Yield Strength Ultimate Elon- Rc
(0.2% Offset) Strength gation Hard-

psi psi % nes_

Annealed

Mill report 131,900 141,400 12 33.5

Aerojet test 138, 000 143, 800 14 34

Notched tensile strength -- 128,500 - -

[ 16750 F 1 hour, W.Q. aged 9000F 8 hour
Aerojet test 162,700 176,800 7 38.5

Notched tensile strength -- 132,000 - -

I' Welded
SAerojet test 131,5006* 135,200 9.5 33.0

Titanium Metals Corporation HT 4141.
I **Using as-fatigue-cracked sample of Figure 3.

Tensile failures in parent metal.

[
L Table 3
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AERATED DISTILLED WATER, BENT-BEAM TEST RESULTS

Fail-
Code Yield ure

No. Strength Ratio Failure Time, hr,
Material Variable ** ksi *** Mean Range

6A1-4V titanium Annealed G-1 138.0 0/3 - NF1700

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NFI700

6A1-4V titanium As welded G-W 135.0 0/2 - NFT50

20%-Ni maraging steel Annealed & aged H-1 291.3 3/3 11 10.2-18

50% CW` & aged H-2 321.0 1/3 330 330-NF10O0

75% CW & aged H-3 293.3 2/3 2200 1284-NF3100

f 20%-Ni steel Welded & aged H-W 245.0 2/3 35 23-NF70

18%-Ni maraging steel Annealed & aged 1-4 249.9 3/3 68 60-85

1-6 255.4 0/3 - NF1200

I-1 283.0 3/3 34.5 20.5-46.5
Annealed & aged 1-8 323.2 3/3 24 20-27.5

50% CW & aged 1-5 278.o 0/3 - NF1200

1-2 302.5 0/3 - NF400

I-7 331.0 0/3 - NF1200
41-3 323.0 4/4 625 440-988

[50% CW & aged 1-9 354.4 1/3 668 668-NF1200

18%-Ni maraging steel Welded & aged I-W 236.6 0/0 -

I*

All samples were stressed to give a maximum outer-fiber stress of 75% of the
0.2%-offset yield strength.[; **Code defined in Table 1.

Ratio of number failed to number tested.

[
S~Table 5
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TABLE 6

AERATED TAP WATER, BENT-BAM TEST RESULTS

Fail-
Code Yield ure

No. Strength Ratio Failure Time, hr
r Material Variable ** ksi *** Mean Range

6A1-4V titanium Annealed G-1 138.0 0/3 - NF1700

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF1TO0

6AlI-4V titanium As welded G-W 135o0 0/2 - NIT50

20%-Ni maraging steel Annealed & aged H-1 291.3 0/3 - NF3100

i 50% CW & aged H-2 321.0 0/3 - NF1O00

75% CW & aged H-3 298.3 2/3 1955 1510-N3A.00

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 5.2 3.3-6.5
18%-Ni maraging steel Annealed & aged 1-4 249.9 0/3 - NF500

I Annealed & aged I-1 283.0 2/3 350 325-NF2000

50% CW & aged 1-2 302.5 0/3 - NF400

50% CW & aged 1-3 323-0 0/3 - NF2000
i 18%-Ni maraging steel Welded & aged I-W 236.6 0/0 - -

All samples were stressed to give a maximum outer-fiber stress of 75% of the

0.2%-offset yield strength.

Code defined in Table 1.

Ratio of number failed to number tested.

Table 6.1
*1
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TABLE 7

AERATED SALT WATER, BENT-BAM TEST RESULTS

[ Fail-
Code Yield ure

No. Strength Ratio Failure Time, hrr Material Variable ** ksi *** Mean Range

6A1-4V titanium Annealed G-1 138.0 0/3 - NF1TOO

6Al-4V titanium Quenched & aged G-2 163.0 0/3 - NF1700

6A1-4V titanium As welded G-W 135.0 0/2 - NF750

20%-Ni maraging steel Annealed & aged H-1 291.3 3/3 7.3 6-8.5

50% CW & aged H-2 321.0 0/3 - NFO000

75% CW & aged H-3 298.3 0/3 - NF3100

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 0.8 0.75-0.85
18%-Ni maraging steel Annealed & aged 1-4 249.9 3/3 430 140-700

1-6 255.4 0/2 - NF1200
I-1 283.0 3/3 51.5 19-100

Annealed &'aged 1-8 323.2 2/2 6.5 6-7

50% CW & aged 1-5 278.0 0/2 - NFl200

1-2 302.5 0/3 - NF400

1-7 331.0 0/2 - NF1200

1-3 323.0 2/3 1290 1000-NF2000

50% CW & aged 1-9 254.4 2/2 20 20-20

18%-Ni maraging steel Welded & aged I-W 236.6 C/o -[

All samples were stressed to give a maximum outer-fiber stress of 75% of
the 0.2%-offset yield strength.

Code defined in Table 1

Ratio of number failed to number tested.

[

[ Table 7
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I TABLE 8

AERATED 0.25% SODIUM DICHROMATE,

BENT-BEAM TEST RESULTS*

Fail-
Yield ure

Code Strength Ratio Failure Time, hours

Material Variable No. ksi *** Mean Range

F 6A1-4V titanium Annealed G-1 138.0 0/3 - NF1700

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF.700

6Al-4V titanium As welded G-W 135.0 0/2 - NF750

20%-Ni maraging steel Annealed & aged H-1 291.3 1/3 1.0 1-NF3100

50% CW & aged H-2 321.0 0/3 - NF1O00
4 75% CW & aged H-3 298.3 0/3 - NF3100

20%-Ni maraging steel Welded & aged H-W 245.0 0/3 - NFTO

18%-Ni maraging steel Annealed & aged I-4 249.9- 0/3 - NF500
Annealed & aged 1-1 283.0 3/3 117 100-150

50% CW & aged 1-2 302.5 0/3 - NFI00
50% CW & aged 1-3 323.0 0/3 - NF2000I 18%-Ni maraging steel Welded & aged I-W 236.6 0/0

* All samples were stressed to give a maximum outer-fiber stress of 75% of the 0.2%-
offset yield strengt::.

Code defined in Table 1.

Ratio of number failed to number tested.

T

I, Table 8
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I 4%-SOLUBLE-OIL SOLUTION, BENT-BEAM TEST RESULTS*

Fail-
Code Yield ure

No. Strength Ratio Failure Timehr[ Nterial Variable ** ksi *** •an Range

6A1-4V titanium Annealed G-1 138.0 0/3 - NF1700
6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF1700

6A1-4V titanium As welded G-W 135.0 0/2 - NF750

20%-Ni maraging steel Annealed & aged H-1 291.3 0/2 - NF2000

50% CW & aged H-2 321.0 0/3 - NF1OO0

75% CW & aged H-3 298.8 0/3 - NF2000

20%-Ni maraging steel Welded & aged H-W 245.0 0/3 - NF70

18%-Ni maraging steel Annealed & aged 1-4 249.9 0/3 - NF5OO

Annealed & aged 1-1 283.0 3/3 417 400-450

50% CW & aged 1-2 302.5 0/3 - NF400

50% CW & aged 1-3 323.0 0/3 - NF2000

18%-Ni naraging steel Welded & aged I-W 236.6 0/0 -

* All samples were stressed to give a maximum outer-fiber stress of 75% of the

0.2%-offset yield strength.

Code defined in Table 1.

Ratio of number failed to number tested.

[
!

! Table 9

I I
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TABLE 10

[ 140°F SATURATED AIR, BENT-BEAM TEST RESULTS*

Fail-
Code Yield ure

No. Strength Ratio Failure Time, hr
Material Variable ksi E** Mean Range

( 6AI-4V titanium Annealed C--I 138.0 0/3 - NF1700
6AI-4v titanium Quenched & aged G-2 163.0 0/3 - NF1700
6AI-4V titanium As welded G-W 135.0 0/2 - NF750

20%-Ni maraging steel Annealed & aged H-1 291.3 3/3 100 22-174

50% CW & aged H-2 321.0 0/3 - NF1000
75% CW & aged H-3 298.3 3/3 1200 1080-1860

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 10 1-14

18%-Ni maraging steel Annealed & aged 1-4 249.9 3/3 370 170-475

1-6 255.4 3/3 280 212-362
I-1 283.0 3/3 21 20.5-21.5

Annealed & aged 1-8 323.2 3/3 56.5 25.5-721 50% CW & aged 1-5 278.0 0/3 - NF1200
S1-2 302.5 1/3 380 38o-NF4oo

[1-7 331.0 0/3 - Il1200

1-3 323.0 3/3 260 245-290

"50% CW & aged 1-9 354.4 3/3 833 560-1010
18%-Ni maraging steel Welded & aged I-W 236.6 0/0 - -

* All samples were stressed to give a maximum outer-fiber stress of 75% of the0.2%-offset yield strength.

Code defined in Table 1.

Ratio of number failed to number tested.

i1I
t Table 10

I
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TABLE 11

[ TRICHLOROETHYLENE IMMIERSION, BENT-BEAM TEST RESULTS*

Fail-
Code Yield ure

No. Strength Patio Failure Time, hr
Material Variable ksi Mean Range

6A1-4V-titanium Annealed G-1 138.0 0/3 - NF675

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF675

6A1-4V titanium As welded G-W 135.0 0/2 - NPF675

20%-Ni maraging steel Annealed & aged H-1 291.3 1/3 500 500-NF675

50% CW & aged H-2 321.0 0/3 - NF675

75% CW & aged H-3 293.3 0/3 - NF675

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 48 40-68

18%-Ni maraging steel Annealed & aged 1-1 283.0 2/3 610 550-NF675

f 50% cW & aged 1-2 302.5 0/3 - NF50

1 50% CW & aged 1-3 323.0 0/3 - NF675

18%-Ni maraging steel Welded & aged I-W 236.6 0/0 -

All samples were stressed to give maximum outer-fiber stress of 75% of the 0.2%-[ offset yield strength.

Code defined in Table 1.

a•tio of number failed to number tested.

T
f

[
IITable 11
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TABLE 12

COSMOLINE IMMERSION, BENT-BEAM TEST REULTS

Fail-
Code Yield ure

No Strength Ratio Failure Time, hr

Material Variable ** ksi *** Wan Rag

I 6A1-4V titanium Annealed G-1 138.0 0/3 - NF1700

6A1-4V titanium Quenched G-2 163.0 0/3 - NFl700

6A1-4V titanium As welded G-W 135.0 0/2 - NF750

20%-Ni m"raging steel Annealed & aged H-Il 291.3 0/3 - NF2000
S50% CW & aged H-2 321.0 0/3 - NF1000

75% CW & aged H-3 293.3 0/3 - NF2000

20%-Ni maraging steel Welded & aged H-W 245.0 0/0 - -

18%-Ni maraging steel Annealed & aged 1-4 249.9 0/3 - NF500

Annealed & aged I-i 283.0 0/3 - EF2000

50% CW & aged 1-3 323.0 0/0 - NF2000

18%Ni maraging steel Welded & aged I-W 236.6 0/0 - -

All samples were stressed to give maximum outer-fiber stress of 75% of the 0.2%-[ offset yield strength.

Code defined in Table 1.

r *Ratio of number failed to number tested.

I

i Table 12
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SLABATORY AIR, r-BEAM TEST RESULTS*

Fail-
Code Yield ure
No. Strength Ratio Failure TimA hr

Material Variable ** ksi *** Mean dge

6A1-4V titanium Annealed G-1 138.0 0/0 - -

6A1-4v titanium Quenched & aged G-2 163.0 0/0 - -

6A1-4v titanium As welded G-W 135.0 0/2 - NF750
20%-Ni maraging steel Annealed & aged H-i 291.3 0/3 - NF3100

50% CW & aged H-2 321.0 0/2 - NF1000

75% CW & aged H-3 293.3 0/3 - NF3100
20%-Ni maraging steel Welded & aged H-W 245.0 0/0 - -

18%-Ni maraging steel Annealed & aged 1-4 249.9 0/0 -

I-6 255.4 0/2 - NF1200

1-1 283.0 0/3 - Mo2000

Annealed & aged 1-8 323.2 0/1 - NF1200150% CW & aged 1-5 278.0 0/1 - NF1200

1-2 302.5 0/0 - -

I-7 331.0 0/2 - NRl200V-3 323.0 0/3 - o2000
5o% CW & aged 1-9 3 5 4 .4 0/2 - NF1200

I 18%-Ni maraging steel Welded & aged I-W 336.6 0/0 -

I All samples were stressed to give a maximum outer-fiber stress of 75% of the 0.2%-
offset yield strength.

I *Code defined in Table 1.

Ratio of number failed to number tested.

T
I
I

Table 13!
!
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MBLB 14

SSEACOAST EXPOSUE, 3NT-EZAM TEST RESULTS*

Yield
Code Strength Failure Failure Time, hr

Material Variable No.** ksi Ratio- Mean Range

6A1-4V titanium Annealed G-1 138.0 0/3 - NF980

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF980I I-4V titanium As welded G-W 135.0 0/2 - NF980

20%-Ni mara ing steel Annealed & aged H-1 291.3 3/3 140 116-188

50% CW & aged H-2 321.0 1/3 800 800-NF980
75% CW & aged H-3 293.3 1/3 860 860-NF980

20%-Ni maraging steel Welded & aged H-W 245.0 0/0 - -

18%-Ni maraging steel Annealed & aged 1-6 255.4 0/2 - NF980
Annealed & aged I-1 283.0 6/6 380 312-450

Annealed & aged 1-8 323.2 1/2 350 350-NF980

50% CW & aged 1-5 278.0 0/2 - NF980
1 I-2 302.5 0/0 - -

I-7 331.0 0/2 - NF98o
1-3 323.0 0/3 - NF980

50% CW & aged 1-9 354.4 0/2 - NF980

18%-Ni maraging steel Welded & aged I-W 236.6 0/0 - -

* All samples vere stressed to give a maximum outer-fiber stress of 75% of the
0.2%-offset yield strength.

I Code defined in Table 1.

Ratio of number failed to number tested.

T
I

¶Table 14

I
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I TABLE 15

DISTILLED WATER, CENTER-NOTCH TETS

K
Code c Failure Failure Time, hr

Material Variable No.** ksi VIZ. Ratio*** Mean Rane'

6Al-4V titanium Annealed G-1 85.0 0/3 - NF100

6Al-4V titanium Quenched & aged G-2 86.2 0/3 - I"F100

20%-Ni maraging steel Annealed & aged H-I 39.3 3/3 5.1 4.6-6.6
20%-Ni maraging steel 50% CW & aged H-2 24.5 0/0 -

20%-Ni maraging steel 75% CW & aged H-3 20.5 1/3 121 121-NF300

18%-Ni maraging steel Annealed & aged 1-4 133.0 2/2 62.4 51.4-73.3

Annealed & aged 16 129.5 0/1 - NF200

Annealed & aged I-i 121.0 3/3 85.3 83-87

Annealed & aged 1-8 103.2 0/0 - -

50% CW & aged 1-5 107.2 0/1 - NF200

11-2 92.2 0/0 -

1-7 119.0 0/0 - -

" 1-3 76.4 2/2 13.2 12.6-13.8

18%-Ni maraging 6teel 50% CW & aged 1-9 64.4 0/0 -

*All samples were given a direct load of 75% of Kc.

Code defined in Table 1.

Ratio of number failed to number tested.

T
[
I

Table 15

I
I
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TABIz 16

3%-SODIUM-CHWRIDE SOWTION, CENTER-NOTCH TESTS*

Code ure Failure Time.No. Kc- Ratio hours
(•Material Variable ** ksi~in. * Mean Range

6A1-4V titanium Annealed G-1 85.0 0/2 - NF1OO

6AI-4V titanium Quenched & aged G-2 86.2 0/2 - NF1O0
"20-Ni maraging steel o

(Test at 8396 of K) Annealed & aged H-1 39.3 1/1 4.2

20$-Ni maraging steel ..H-I 39.3 2/2 7.2 6.6-7.8

20$-Ni maraging steel
(Test at 60% of KI) H-1 39.3 1/1 8&2

26%-Ni maraging steel
(Test at 27% of Kb) Annealed & aged H-I 39.3 i/i 12.7

20%-Ni maraging steel 50% CW & aged H-2 24.5 2/2 14.0 8-20

20%-Ni maraging steel 75% CW & aged H-3 20.5 2/2 40.2 34.4-46

18%-Ni maraging steel Annealed & aged "1-4 133.0 2/2 12.5 9.5-15.6

1-6 129.5 3/3 22 10-35I '1-1 121.0 2/2 20.6 18-23
Annealed & aged 1-8 103.2 2/2 8.8 8.3-9.3

50% CW & aged 1-5 107.2 2/2 13.4 12.5-14.2

1-2 92.2 O/O -

1-7 119.0 3/3 9.9 4.4-12.9

\/ 1-3 76.4 2/2 5.9 5.0-6.9

18%-Ni maraging steel 50% CW & aged 1-9 64.4 2/2 4.5 4.0-5.0

,All samples were given a (direct load of 75% of K except as noted.

Codedefined in Table 1.

Ratio of number failed to number tested.

STable 16

!I
I
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[ TABK 17

0.25% SODIUM DICHROMATE, CENTER-NOTCH TESTSF
Fail-

Code K ure _Tie
No. C Ratio _______-___

Material Variable * n *** Mean Range

i 6Al-4V titanium Annealed G-1 85.0 0/2 - NF1O0

I 6Al-4V titanium Quenched & aged G-2 86.2 0/2 - NF1O0

20%-Ni maraging steel Annealed & aged H-l 39.3 0/2 - NF200

20%-Ni maraging steel 50% CW & aged H-2 24.5 0/0 -

20%-Ni maraging steel 75% CW & aged H-3 20.5 0/2 - NF1O0

S18%-Ni maraging steel Annealed & aged 1-4 133.0 0/0 -

Annealed & aged 1-1 121.0 1/1 67.9

50% CW & aged 1-5 107.2 0/1 - NF200

12 I 92.2 0/0 -

1-7 119.0 0/2 - NF1O0

18%-Ni maraging steel 50% CW & aged I-3 76.4 1/1 33.2

All samples were given a direct load of 75% of K .**c

Code defined in Table 1.

Ratio of number failed to number tested.

[ Table 17

I
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I TABIL 18

r%-SOWUBIZ-OIL SOUTION, CENTER-NOTCH TESTS*

Code ure Failure Time,,,
No. Kc Ratio hours

Material Variable ** ksi *** Mean Range

6A1-4V titanium Annealed G-1 85.0 0/1 - NF100

6A1-4V titanium Quenched & aged G-2 86.2 0/1 - NF100

20%-Ni maraging steel Annealed & aged H-I 39.3 0/2 - NF200

20%-Ni maraging steel Annealed & aged H-2 24.5 0/0 -

20%-Ni maraging steel 75% CW & aged H-3 20.5 0/1 - NF1O0

184%-Ni maraging steel Annealed & aged 1-4 133.0 0/0 - -

LAnnealed & aged 1-1 121.0 0/0 - -

50% CW & aged 1-2 92.2 0/0 - -r 18%-Ni maraging steel 50% CW & aged 1-3 76.4 0/0 - -

I.

I*

All samples-were given a direct load of 75% of K •
• Code defined in Table 1.

Ratio of number failed to number tested.

[ 18

II Table 18
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I Insulated Phelps Bent-Beam Specimens

I Figure I
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I ~Stress -Corrosion Test Setup for C'ent,,r-N,)t(h,-d p-m'n

I Figur-
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Crack Propagation Study on 20%-Nickel Maraging Steel in Salt WaterIF

l Figure 9
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I

Crack Pattern on Surface of Beam Sample after 10 hours in
Aerated Distilled. Water. (OX)

I

IJ

i

Vertical View of Cracking in Above Sample Showing Intergranular
Cracks. Etchant is Diluted Marbles Reagent (O00OX)

I Stress-Corrosion Crack Pattern on 20-Nickel Maraging Steel

I Figure 10
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i I, Im u
-o.

gurface of Annealed-and-Aged 18•-Nickel
Maraging Steel Cracked in Chremate
Solution (Approx. 1X)

!
-, j • , . . .

7

i

r •
. .f " j , ',* . ",, '• .

I "•
Longitudinal Section Through Cracked Area

I •howing Main Crack (left) and Pranch Crack

(right) (5OX)

I Stress-Corrosion-Crack Pattern in 18%-Nickel Maraging Steel (I-l)

i Figure ll
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'II-

Vertical Section of Failed Annealed-and-Aged 18%--
Nickel Maraging Steel Speci .ien Showing Inter-
granular Cracks. Parbles i~tch (?50X)

Il

Same Sample as Above (?000X)

Photomicrographs of Stress-Corrosion Cracks in 18%-Nickel Maraging Steel (T-1)

3 Figure 12
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F-

Surface of Cold-Worked-and-Aged 18ý-Nickel Maraging Steel After 10-Days at 140 0F
in High Humidity Stress Corrosion Test. Surface has been Wire-Brushed. (Approx. 2X)

T
T

I/

Cross-Section of Above Sample Showing Possible Cracking Along Slip Planes. (lox)

I
Stress-Corrosion-Crack Pattern in 18%-Nickel 1varaging Steel (Group 1-3)

3 Figure 13
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View of Surxface in Lightly Cracked Area Showing Pitting Attack (b0OX)

General Structure in Interior of' Highly Cracked Area.I Etchant 1C4O Azmnonium Persuiphate-electrolytic. (500X)
IPhotomicrographs of Stress-Corrosion Cracking in 18%-Nickel k.araging Steel (Group 1-3)

Figure 14i
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!

Uncoated H-11 Steel, Failed in 2.5 Hours in Aerated 3% Salt Water

SC D

20%-Nickel Maraging Steel (Group H-1)0 Failed in 1 Hour in
0.25%-Sodium-Dichromate Solution

il HIM!!ii!!iiiiiE'

[ ~18*-Nickel M~raging Steel (Group T1-3), Failed in 626 Hours
in Aerated Distilled Water

I ~Location o±f Electron-Microscope Fractographs

I Figure 15
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